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 The potential benefit of technology to enhance recovery after central ner-

vous system injuries is an area of increasing interest and exploration. The 

primary emphasis to date has been motor recovery/augmentation and 

communication. This paper introduces two original studies to demonstrate 

how advanced technology may be integrated into subacute rehabilitation. 

The first study addresses the feasibility of brain computer interface with 

patients on an inpatient spinal cord injury unit. The second study explores 

the validity of two virtual environments with acquired brain injury as part 

of an intensive outpatient neurorehabilitation program. These preliminary 

studies support the feasibility of advanced technologies in the subacute 

stage of neurorehabilitation. These modalities were well tolerated by par-

ticipants and could be incorporated into patients’ inpatient and outpatient 

rehabilitation regimens without schedule disruptions. This paper expands 

the limited literature base regarding the use of advanced technologies 

in the early stages of recovery for neurorehabilitation populations and 

speaks favorably to the potential integration of brain computer interface 

and virtual reality technologies as part of a multidisciplinary treatment 

program.    

  T
he yearly incidence of traumatic brain injury (TBI) (∼1.7 
million), acquired brain injury (∼900,000), and spinal 
cord injury (SCI) (∼12,000) in the US fails to adequately 
refl ect the long-term impact and annual societal cost, 

which may exceed $100 billion a year ( 1 – 5 ). As advances in 
medical care are improving survival rates in these populations, 
the need for a multidisciplinary approach focusing on long-term 
outcomes, secondary complications, and quality of life is magni-
fi ed ( 3 ,  6 ). Th is multidisciplinary approach strongly aligns with 
key aspects of the World Health Organization’s International 
Classifi cation of Functioning, Disability, and Health Model, 
where the primary health conditions must be conceptualized in 
relation to environmental and contextual factors with emphasis 
upon improving function ( 7 )  (   Figure 1   ).  Advanced technolo-
gies such as brain computer interface (BCI), which uses brain 
patterns to help patients bypass injuries that impede motor or 
verbal responses, and virtual reality (VR) have shown potential 
as viable treatment tools in the rehabilitation setting ( 8 – 11 ); 
however, the application of advanced technologies in neurore-
habilitation is not systematic, and studies to support their use 
in clinical settings remain limited ( 12 – 14 ). Th is prompted our 

  From the Baylor Institute for Rehabilitation, Dallas, Texas (Salisbury, Dahdah, 

Driver); Baylor Regional Medical Center at Plano, Plano, Texas (Dahdah); the 

Department of Psychology, the University of North Texas, Denton, Texas (Parsons); 

and the Center for Clinical Effectiveness, Baylor Scott & White Health, Dallas, 

Texas (Richter).  

  Corresponding author:  David B. Salisbury, PsyD, ABPP, Department of 

Neuropsychology, Director of Clinical Training, Baylor Institute for Rehabilitation, 

411 N. Washington Avenue, Dallas, TX 75246 (e-mail:  dsalisbury@bir-rehab.

com ).              

group to begin exploratory studies into the feasibility and utility 
of off -the-shelf BCI and VR technologies with neurorehabilita-
tion populations. Th is paper introduces two original studies to 
demonstrate how advanced technology may be integrated into 
the subacute phase of central nervous system recovery. Approval 
to complete the studies was obtained from the hospital’s insti-
tutional review board.  

  FEASIBILITY STUDY AND PILOT STUDY 
 On the SCI rehabilitation treatment unit at the Baylor In-

stitute for Rehabilitation, 25 medically stable patients without 
severe cognitive or psychiatric impairment were included in 
the fi rst study. Most participants had sustained cervical-level 
(48%) or thoracic-level (44%) SCIs and had residual tetraplegia 
(52%). At initial contact, an extensive screening was complet-
ed, including neuropsychological tests, formal questionnaires of 
mood, pain, and physical status, and qualitative, study-specifi c 
questions. Select measures were repeated immediately before 
the off -the-shelf BCI paradigm and at the fi nal contact. Th e 
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 Figure 1.      The International Classification of Functioning, Disability, and Health 

model. Source: World Health Organization ( 7 ).  
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BCI paradigm involved a cube rotation task using the EPOC 
headset (Emotiv, San Francisco, CA). Th is device was origi-
nally developed for gaming, but has been increasingly used 
in research studies ( 15 – 17 ). Although this off -the shelf BCI 
is less sensitive in its capture of electroencephalographic data 
when compared with traditional medical devices ( 18 ), its por-
tability, ease of use, and cost made it an attractive option for 
an inpatient hospital setting. Th is device allows for wireless 
14-channel electroencephalographic recording based on the 
international 10 to 20 locations (AF3, F7, F3, FC5, T7, P7, 
O1, O2, P8, T8, FC6, F4, F8, AF4) along with two reference 
electrodes (P3, P4). 

 After a brief training session for each increasingly complex 
BCI task (push cube, move left, move right, and cube disap-
pearance), each participant performed three trials, lasting 8 
seconds each. A MATLAB scoring program was employed for 
data acquisition, to log stimulus presentation, and for psycho-
physiological monitoring ( 19 ). Th e results of the feasibility 
study suggested that the technology was easily learned (92% 
of trials were successful) and mastery of the paradigm was not 
signifi cantly related to prior technology profi ciency, current 
cognitive functioning, pain level, or emotional distress. Equally 
important, the participants enjoyed the experience and had 
no reported adverse eff ects from the headset. Th e encouraging 
fi ndings of the small feasibility study open the door for future 
work among inpatient SCI populations during rehabilitation. 
Th is is an ideal time to provide initial exposure and training 
for such technology if clinical paradigms can be developed. 
Th e daunting next step entails the development of paradigms 
specifi c to SCI treatment targets. 

 On our SCI treatment team, key psychological treatment 
goals revolve around psychological adjustment, pain manage-
ment, and educational interventions that often incorporate as-
pects of social skills training. Future use of BCI paradigms will 
be dependent on the ability to integrate VR paradigms that are 
linked to this triad of clinical priorities. Of particular interest 
within the rehabilitation psychology fi eld is programming based 
on frequent challenges and emotionally laden scenarios after 
SCI. Th ese scenarios could touch upon addressing disability 
with family/friends, navigating public areas with limited ac-
cess, and addressing intimacy concerns. One could envision a 
preventive approach using virtual social simulations to promote 
more adaptive skills in early stages of rehabilitation. BCI could 
also be linked to biofeedback-like paradigms to further address 
pain, anxiety, and emotional regulation, which can complicate 
outcomes after SCI. 

 Th e emphasis on clinically relevant and generalizable treat-
ment environments may be in part addressed via immersive 
environments. A second pilot study was conducted to validate 
the cognitive rehabilitation effi  cacy of two virtual environments 
following central nervous system insult. Participants included 
individuals with acquired TBI, stroke, brain neoplasm, and an-
oxic injury. A key focus was treatment outcomes associated with 
VR training of specifi c executive functions: cognitive fl exibility, 
working memory, complex attentional processes, and cognitive 
and motor inhibition, in addition to processing speed. 

 Individuals who consented to participate in this study were 
enrolled in a multidisciplinary outpatient day neurorehabilita-
tion program at the Baylor Institute for Rehabilitation. Th e 
only deviation in programming was the introduction of the 
two VR programs as a supplementary cognitive rehabilitation 
intervention. Th e laptop-presented virtual apartment (Clini-
caVR: Apartment Stroop [20]) and virtual classroom settings 
(VR Classroom [ 21 – 24 ]) were selected because they simulate 
demands and distractions found in real-world settings. While 
in the immersive environments, participants performed two 
conditions of a response inhibition task in the face of distrac-
tions. Task diffi  culty increased across sessions with respect to the 
quantity and type of distractions the participant was exposed to, 
with a total of 8 training sessions completed biweekly (4-week 
treatment duration). A Z800 3DVisor head-mounted display 
(HMD) was used to create a 3D-like eff ect, and the built in 
3-axis head-tracker allowed patients to look 360 degrees around 
themselves by turning their head. 

 During baseline testing (session 1) and the fi nal session (ses-
sion 8), patients were additionally administered the Automated 
Neuropsychological Assessment Metrics Stroop and Go-No 
Go computerized tests, Woodcock-Johnson 3rd Edition Pair 
Cancellation subtest, and Delis-Kaplan Executive Functions 
System Color-Word Interference test ( 25 – 27 ). Th ese tests were 
used to compare VR treatment outcomes with performance 
on unimodal Stroop/executive testing and paper-pencil tests. 
Patients also completed the Simulator Sickness Questionnaire 
upon conclusion of sessions 1 and 8 to document any symptoms 
associated with the HMD. 

 Twenty-one brain injury patients participated in the pi-
lot study: 9 diagnosed with stroke (43%), 6 with TBI (29%), 
2 with anoxic injury (10%), 3 with brain tumor (14%), and 
1 with amyloid angiopathy (5%). Preliminary analyses were 
conducted using the performance of the group with stroke, 
which accounted for the largest diagnostic category. Th e smaller 
groups comprising patients with anoxic injury and brain tumor 
demonstrated such profound variability that a combined analy-
sis would have been minimally informative. When comparing 
the stroke subgroup with 9 demographically matched healthy 
controls on the ClinicaVR: Apartment Stroop, there were no 
signifi cant group diff erences in reaction time on conditions with 
distractions (F(1,16) 3.418,  P  = 0.062) or without distractions 
(F(1,16) 1.793,  P  = 0.200) employing analysis of covariance 
and adjusting for age. However, response time was signifi cantly 
slower for stroke patients than for controls (F(1,16) 17.109,  P  < 
.01). Th e former may be due to the fact that the stroke subgroup 
included some relatively young patients, ranging in age from 22 
to 65 (mean age = 47). It may also be that the stroke group was 
relatively higher functioning cognitively, given that patients with 
signifi cantly impaired comprehension, bimanual apraxia, and 
attention (e.g., patients with attention span < 10 minutes) that 
could potentially confound cognitive performance outcomes on 
the VR programs were excluded from the study. However, two 
of the stroke patients were noted to respond with errors on all 
items of the incongruent word-color stimulus trial of the Stroop 
task, indicating variation in severity level within this group. 
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 Qualitatively, across all acquired brain injury patient groups 
treated in this pilot study (TBI, stroke, anoxic injury, etc.), 
those exhibiting overt impulsivity or anxiety appeared to exhibit 
impulsive responding on the VR-based executive measures. Pa-
tients with reported or observable fatigue demonstrated reduced 
attention and self-monitoring, committing omission errors due 
to fl uctuations in engagement. As additional quantitative error 
analysis is completed, it will be interesting to learn whether 
results parallel qualitative observations. 

 Six of the 21 patients initially endorsed slight or moderate 
fatigue, headache, eye strain, diffi  culty focusing, perspiring, 
and blurred vision on the Simulator Sickness Questionnaire, 
which assesses the occurrence, nature, and severity of sick-
ness symptoms induced by virtual environments ( 28 ). By the 
fourth session, the number of patients reporting HMD-related 
symptoms declined to four. No adverse events occurred, and 
no patients volitionally withdrew from the study. Six of the 21 
patients partially completed the study, but failed to complete all 
8 intervention sessions. Two patients were medically withdrawn 
from the day neurorehabilitation program due to refractory 
medical complications, two patients self-discharged from the 
program against medical advice, and four patients’ rehabilitation 
regimens were concluded prior to their projected discharge dates 
when insurance or state-assisted benefi ts were not extended. 

 With regard to feasibility, similar to the BCI apparatus de-
scribed above, the portability, ease of use, and cost of the devices 
used to administer the VR programs made them amenable to 
this setting. Scheduling of the VR intervention sessions and 
space required constant and eff ective communication between 
the research team and the day neurorehabilitation teams, due 
to the variability in patient schedules, modifi cations in length 
of stay, and unplanned events (e.g., illness, external medical 
appointments, impact of payer source on rehabilitation days). 
Th e day neurorehabilitation team was positively responsive to 
integration of the VR intervention in the rehabilitation pro-
gram. Due to built-in demonstrations paired with verbal in-
structions from the research team members administering the 
VR interventions, patients found the technology user-friendly. 
Some patients provided unsolicited feedback, stating that the 
virtual environments and internal distractions in the programs 
were realistic. In fact, patients spontaneously commented on the 
improvement in their performance from initial to later sessions. 
One patient specifi cally attributed an observable subjective im-
provement in reaction time to the VR intervention. 

 Th e eff orts to replicate home and school settings using VR 
in the pilot study allow for potentially highly relevant informa-
tion to guide discharge planning. It is hoped that fi ndings from 
this pilot study will encourage ongoing study to validate VR 
technologies in neurological populations for the purpose of 
enhancing cognitive intervention and rehabilitation.  

  CHALLENGES IN TECHNOLOGY APPLICATION 
 Th e preliminary studies presented herein represent initial 

attempts to explore the feasibility and potential benefi t of VR 
and BCI technologies. Th e ease of training and positive par-
ticipant response with VR and BCI paradigms, along with the 

lack of adverse eff ects even with patients in the subacute stage 
of recovery, were quite encouraging. Still, the clear enthusiasm 
for technology must be tempered by an acknowledgment of 
potential barriers. Th e key concerns involve issues surrounding 
the utility of BCI and VR, management of technological prob-
lems, and fi nancial feasibility. Th e virtual environments used in 
these pilot studies are not commercially available, and only a 
few research labs have access to them. Further, a number of VR 
systems use arrays of screens to allow for full-body interactions, 
costing many thousands of dollars. From a utility standpoint, 
our projects ranged from simple visual stimuli to more advanced 
depictions of real-world settings. Still, there may be a need for 
more realistic visual paradigms. Studies are needed to assess 
the impact and potential clinical effi  cacy of varying levels of 
stimulus fi delity and immersion. 

 Our studies involved collaboration with experts in the area 
of technology and psychology who could provide any needed 
assistance in a timely manner. Th e presence of an information 
technology support staff  was also readily available as part of our 
hospital system. Still, occasions arose where technology did not 
work properly, resulting in delayed intervention or the need 
to reschedule. Such complications speak to the challenges of 
implementing interventions dependent upon technology within 
inpatient and outpatient rehabilitation settings. Any delays in 
these fast-paced settings, requiring the coordination of various 
disciplines, can be quite disruptive to the milieu. 

 Finally, the fi nancial feasibility of VR and BCI will largely be 
determined by future outcomes research. Unless there is support 
for clinical gain in the form of improved outcomes, decreased 
complications, or secondary decline in medical costs (e.g., de-
creased length of stay, less use of future medical services), cost 
concerns may prohibit adoption of such technologies. Main-
stream implementation in rehabilitation would be a fi nancial 
challenge considering the trend of declining reimbursement for 
clinical services and emphasis on bundled services with recent 
health care changes. Th e initial cost must be coupled with the 
need for staff  training and statistician support by individuals 
trained to analyze the data formats associated with this technol-
ogy. Additionally, BCI and VR require a private space that limits 
distractions that are all too frequent in rehabilitation settings. 
Private rooms or dedicated areas for such interventions would be 
ideal, yet allocation of such space was a challenge in our studies.     
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